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Abstract 
The purpose of this study was to develop analytical equations to estimate CO2 storage capacity for depleted wet/dry gas 
reservoirs. The effects of CO2 injection on the changings of reservoir pressure and the mole fractions of CO2 and natural gas were 
studied from a verified pressure-volume-temperature process. There was a linear relationship between the corrected pressure term
(pr/zmix) and the cumulative production term (Gpt-GinjCO2). The amount of CO2 storage can be analysed directly from the pr/zmix
plot. The total volume of CO2 storage is larger than that of natural gas production from a depleted gas reservoir. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the GFZ German Research Centre for Geosciences. 
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1. Introduction 
Using an underground geologic structure to store CO2 has been widely discussed and implemented worldwide 
because of global warming and climate change issues. Among the geological options for CO2 storage, depleted gas 
reservoirs are one of the best options for many reasons. First of all, the cap-rock integrity had been proven naturally 
because the natural gas was trapped in the geological structure for a very long time. Also the formation properties 
and fluid flow characteristics for the reservoir have been well studied since the discovery of the gas reservoir. 
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Finally the surface constructions and facilities are very useful and relatively easy to convert for the use of CO2
storage. Considering the data availability, economic feasibility, and storage safety, depleted gas reservoirs are very 
useful for CO2 storage.  
The fluid properties or phase behaviors classify the gas reservoirs into categories of dry gas, wet gas, and gas 
condensate. To simplify the role of a depleted gas reservoir for just storing CO2 in an underground formation, the 
dry and wet gas reservoirs can be used. From a reservoir point of view, wet gas and dry gas can be treated similarly 
in terms of pressure behavior and underground withdraw potential. The material balance equation (MBE) is a very 
useful estimation method of hydrocarbon recovery for wet gas and dry gas reservoirs.  
The MBE uses the concept of volumetric balance at reservoir pressure and temperature with considering the 
production history of natural gas. Natural gas storage can also use the MBE to estimate the gas injection efficiency. 
When a depleted gas reservoir offers the opportunity to store CO2, the MBE still can be used to estimate the CO2
storage capacity [1]. The purpose of this study was to develop analytical equations to estimate the CO2 storage 
capacity for depleted wet/dry gas reservoirs. 
2. Methodology  
The MBE for gas reservoir is a well-established method for estimating the original gas in place (OGIP) and 
reservoir performance from available production data of cumulative gas production and representative average 
reservoir pressure. We assumed that the hydrocarbon pore volume of gas reservoir was unchanged during gas 
production and CO2 injection. The reservoir volume of the OGIP should equals to the reservoir volume of mixture of 
remaining gas in the reservoir and injected CO2 to the reservoir. This concept can be expressed as the follows: 
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where Gi= volume of the original gas in place at standard conditions, scf; Gpt= volume of gas and liquid produced at 
standard conditions, scf; GinjCO2 =cumulative CO2 injected at standard conditions, scf; Bgi = gas formation volume 
factor at initial reservoir conditions (pi, T), scf/scf; Bg_mix = gas formation volume factor of the mixture of remaining 
gas and injected CO2 at reservoir conditions (p, T), scf/scf.  
For a wet gas reservoir which was transferred to a CO2 storage, the cumulative production of gas and liquid (Gpt)
can be calculated [2]: 
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where Gp= cumulative gas production at standard conditions, scf; Geq= cumulative liquid (condensate) volume 
converted into an equivalent gas volume at standard conditions, scf; oJ = specific gravity of the oil (water = 1), 
dimensionless; M = molecular weight, dimensionless; Np= cumulative liquid (condensate) production, stb. The 
function of using an equivalent gas volume (Geq) was to give the correct value of total gas production for use in the 
material balance equation. 
Based on the definition of gas formation volume factor [2] and combining Eq. (2) into Eq. (1), the modified MBE 
for CO2 storage in wet/dry gas reservoirs can be derived as: 
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where pr= reverted pressure of gas reservoir with a mixture of gas and CO2 during CO2 injection, psi; zmix=gas
deviation factor of mixture of natural gas and CO2, dimensionless; pi= initial reservoir pressure, psi; zi =gas deviation 
factor (z-factor) at initial reservoir condition, dimensionless.
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Before injecting CO2, i.e. GinjCO2=0, only the natural gas existed in the reservoir, Eq. (3) becomes a conventional 
gas production MBE as: 
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After the end of production and during the injection, the amount of total gas production (Gpt) is a constant. 
According to Eq. (3), the CO2 storage capacity for a depleted wet/dry gas reservoir can be derived as: 
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For a CO2 storage in a depleted dry gas reservoir, the equivalent gas volume (or the liquid production) can be 
ignored and the CO2 storage MBE for dry gas reservoir can be derived as: 
i
i
i
mix
r
ipinjCO Gp
z
z
pGGG  2    (6)
3. Results 
A gas-CO2 model, in which natural gas production was followed by CO2 injection, was built to study the derived 
CO2 storage MBE (Eq. (5)). 
The records of cumulative hydrocarbon production (Gpt) and the corresponding reservoir average pressure (p)
used in this study were shown in Table 1. This studied reservoir was assumed as an isothermal gas reservoir with a 
constant reservoir temperature (T) of 220°F (104°C). For the gas properties, we assumed that the gas composition of 
methane (C1), ethane (C2), propane (C4), and butane (C5) was 0.9661, 0.0267, 0.0051, and 0.0021, respectively. 
Using the Standing and Katz method [3], the isothermal z-factor as a function of pressure was calculated (Table 1, 
column 3; Fig. 1). The z-factor of natural gas changing with pressure (zg(p)) (Fig. 1) can be expressed by a regressive 
function from the curve fitting, for 500 psi < p < 3500 psi, as: zg(p)= -2*10-16p4+3*10-13p3+2*10-8p2-7*10-5p+1.004.
Table 1. The production and gas property data used in this study. 
Cumulative hydrocarbon
production (Gpt), Bscf 
Reservoir pressure (p),
psi (MPa) 
Gas z-factor (z), 
dimensionless 
0.00 3000.00 (20.68) 0.9365 
5.88 2800.38 (19.30) 0.9333 
12.00 2601.19 (17.93) 0.9302 
18.11 2401.43 (16.55) 0.9282 
24.48 2201.93 (15.18) 0.9275 
30.84 2001.47 (13.80) 0.9295 
37.19 1801.64 (12.42) 0.9297 
43.67 1601.65 (11.04) 0.9328 
50.16 1401.56  (9.66) 0.9371 
56.64 1202.67  (8.29) 0.9428 
62.99 1001.86  (6.90) 0.9496 
69.54 800.00  (5.51) 0.9571 
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Fig. 1. The isothermal gas z-factor as a function of pressure. 
Based on the pressure (p) and z-factor (z) data as shown in the columns 2 and 3 in Table 1, the p/z values were 
calculated.  Using the calculated p/z and the cumulative gas production (Gpt), the p/z plot of this studied gas reservoir 
was established (Fig. 2). The linear relationship between the p/z and Gpt (in this production stage, GinjCO2=0) was 
obtained, as shown in Fig. 2. The estimated original gas in place (Gi) of studied gas reservoir was 94.02 Bscf (2.66 
Bscm) based on Eq. (4) or from the p/z plot (Fig. 2). At the end of gas production stage, the recovery factor (RF)
came to 0.74, which was calculated from the ratio of Gpt to Gi (i.e., RF = Gpt / Gi = 69.54 / 94.02 [Bscf/Bscf] = 0.74). 
Fig. 2. The p/z plot for estimating the OGIP and the estimated ultimate gas recovery (EUR) at abandonment pressure. 
When the CO2 injection started, the 100% concentration (pure) CO2 with a typical gas property of z-factor (Fig. 3) 
was injected into the depleted gas reservoir. The z-factor of pure CO2 changing with pressure (zCO2(p)) (Fig. 3) can 
be expressed by a regressive function from the curve fitting, for 500 psi < p < 3500 psi, as: zCO2(p) = -4*10-15p4
+3*10-11p3-7*10-8p2-1*10-4p+0.9849.
In this study, we designed a PVT (pressure-volume-temperature) process to simulate the effects of CO2 injection 
on the changings of reservoir pressure and the mole fractions of injected CO2 and remaining natural gas. We used 
the equation-of-state (EOS) method in this study to calculate the reverted reservoir pressure (pr) and the z-factor of 
mixture of natural gas and CO2 (zmix) after the CO2 was injected into the reservoir. Table 2 showed the calculated 
mole fractions of the remaining gas and the injected CO2 (ngr and nCO2) as well as the reverted reservoir pressure (pr)
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changings. The z-factor of mixture gas (zmix) was calculated from the mole fractions of the remaining gas and the 
injected CO2 (ngr and nCO2) and the z-factors of the natural gas (Fig. 1) and the pure CO2 (Fig. 3). We executed the 
PVT calculations until the reverted reservoir pressure (pr) was increased to 3000 psi (20.68 MPa), i.e., recovering the 
system pressure by injecting CO2 to the initial condition of reservoir pressure. 
Fig. 3. The isothermal CO2 z-factor as a function of pressure. 
Based on Table 2, the ratio of pr to zmix (or pr/zmix) was calculated. The CO2 storage capacity changing with the 
pr/zmix was then calculated from Eq. (5). For the constraint of the reverted reservoir pressure (pr) of 3000 psi (20.68 
MPa) (recovering the system pressure to the initial reservoir pressure), the estimated CO2 storage capacity was 98.66 
Bscf (27.96 MPa). The linear relationship between the pr/zmix and the cumulative production term (Gpt-GinjCO2) was 
established as shown in Fig. 4. 
Table 2. The calculated reverted reservoir pressure and mole fractions of CO2 and natural gas from the designed PVT process. 
Reverted reservoir pressure (pr), 
psi (MPa) 
CO2 mole fraction (nCO2), 
%
Remaining gas mole fraction (ngr), 
%
z-factor of mixture gas (zmix), 
dimensionless 
800.00  (5.51) 0.00 100.00 0.9571 
1002.73  (6.90) 20.96 79.04 0.9238 
1200.41  (8.29) 34.47 65.53 0.8930 
1400.87 (9.66) 44.19 55.81 0.8622 
1601.13 (11.04) 51.39 48.61 0.8327 
1801.91 (12.42) 56.95 43.05 0.8055 
2000.16 (13.80) 61.30 38.70 0.7796 
2200.24 (15.18) 64.85 35.15 0.7605 
2402.80 (16.55) 67.80 32.20 0.7434 
2600.64 (17.93) 70.21 29.79 0.7303 
2801.94 (19.30) 72.28 27.72 0.7208 
3000.00 (20.68) 74.02 25.98 0.7160 
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Fig. 4. The pr/zmix plot for CO2 storage in a depleted gas reservoir. 
4. Discussions 
The pr/zmix plot (Fig. 4) can be used to monitor CO2 operations during CO2 storage [4]. In the case of gas-CO2
model, natural gas was produced from the initial pressure of 3000 psi (20.68 MPa) to the abandonment pressure of 
800 psi (5.51 MPa) , in which the cumulative gas production was 69.54 Bscf (1.97 Bscm) from the reservoir with the 
original gas in place of 94.02 Bscf (2.66 Bscm). The corresponding p/z values for the gas production at initial and 
abandonment conditions (pi/zi and pa/za) were 3203.41 psi (22.08 MPa) and 835.86 psi (5.75 MPa), respectively. 
When this depleted gas reservoir converted to a CO2 storage, the CO2 injection reverted the reservoir pressure. In 
the injection stage, the total volume of CO2 injection (or the amount of stored CO2) was 98.66 Bscf (2.79 Bscm) 
when the reservoir pressure reverted from the abandonment pressure of 800 psi (5.51 MPa) to the original pressure 
of 3000 psi (20.68 MPa). The corresponding pr/zmix values for the CO2 storage at converted and original conditions 
were 835.86 psi (5.75 MPa ) and 4195.34 psi (28.91MPa), respectively. 
From the p/z plot shown in Fig. 4, we can see the difference between the final volumes of CO2 injection to the 
ultimate gas production was about 29 Bscf (0.82 Bscm). This means that the total volume of CO2 storage is larger 
than that of gas production. Since the p/z plot (Fig. 4) used a cumulative production term (Gpt-GinjCO2) in x-axis, the 
data points of CO2 storage were extended to a negative value. Figure 5 also showed that the production and injection 
behaviours, in terms of p/z plots, were on the same straight line for a depleted wet/gas reservoir. The reason for both 
the production and injection having the same and a constant slope of the straight line was that this studied reservoir 
have a unchanged hydrocarbon pore volume (HCPV). If the HCPV was changed with time, the straight line 
behaviour in the p/z plot will not be maintained.  
To verify the derived equations (Eqs. (3) and (5)) and the designed PVT process for calculating the pr and zmix
after the CO2 injection, we conducted a simulation model. A compositional reservoir simulator, GEM, was used [5]. 
The numerical model was used to simulate the gas production from the initial pressure (pi) of 3000 psi (20.68 MPa) 
to the abandonment pressure (pa) of 800 psi (5.51 MPa) in a gas reservoir with original gas in place (OGIP) of 94.02 
Bscf (2.66 Bscm), and to calculate the CO2 injection from the abandonment pressure (pa) of 800 psi (5.51 MPa) to 
the final reverted pressure (pr) of 3000 psi (20.68 MPa). The cumulative volume of CO2 injection from the numerical 
method were calculated and compared to that from the analytical method (Table 3). The calculation differences 
between the analytical and numerical methods were less than 2%. 
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Table 3. Comparisons of Cumulative CO2 injection obtained from numerical model and calculated using derived equations. 
Reverted reservoir pressure (pr), 
psi (MPa) 
Cumulative CO2 injection 
from numerical model, 
Bscf (Bscm) 
Cumulative CO2 injection 
from analytical equation, 
Bscf (Bscm) 
Error = ABS[(analytical-
numerical)/analytical], 
dimensionless 
800.00  (5.51) 0.00 (0.00) 0.00 (0.00) - 
1002.73  (6.90) 7.30 (0.20) 7.26 (0.20) 5.87E-03 
1200.41  (8.29) 15.10 (0.42) 14.97 (0.42) 8.78E-03 
1400.87 (9.66) 23.38 (0.66) 23.14 (0.65) 1.06E-02 
1601.13 (11.04) 32.26 (0.91) 31.86 (0.90) 1.26E-02 
1801.91 (12.42) 41.62 (1.17) 41.04 (1.16) 1.42E-02 
2000.16 (13.80) 51.34 (1.45) 50.55 (1.43) 1.56E-02 
2200.24 (15.18) 61.30 (1.73) 60.36 (1.71) 1.57E-02 
2402.80 (16.55) 71.26 (2.01) 70.20 (1.98) 1.52E-02 
2600.64 (17.93) 81.10 (2.29) 79.95 (2.26) 1.45E-02 
2801.94 (19.30) 90.70 (2.56) 89.46 (2.53) 1.38E-02 
3000.00 (20.68) 99.99 (2.83) 98.66 (2.79) 1.36E-02 
5. Conclusions 
The major conclusions we obtained from this study are: 
(1) The modified material balance equation for CO2 storage in depleted wet/dry gas reservoirs was derived in this 
study. The equivalent gas volume from the liquid production was considered for a wet gas CO2 storage. The 
derived equations showed that there was a linear relationship between the corrected pressure term (pr/zmix) and 
the cumulative production term (Gpt-GinjCO2). 
(2) A PVT process was designed in this study to simulate the effects of CO2 injection on the changings of reservoir 
pressure and the mole fractions of injected CO2 and remaining natural gas. The accuracy of the calculations from 
the designed PVT process was verified by a numerical study. 
(3) The pr/zmix plot can be used to calculate the amount of CO2 storage potential at a condition of desired reverted 
reservoir pressure. In the pr/zmix plot, the data points of CO2 storage extended to a negative value means that the 
total volume of CO2 storage is larger than that of gas production. 
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